This paper presents a simulation study of vacuum membrane distillation (VMD) for desalination. 
For VMD, the heat transfer resistance on the permeate side can be neglected compared to the other resistances for the vacuum pressure is applied on the permeate side of the membrane [19, 20] . The heat transfer resistance in the feed relies on experimental hydrodynamics and thermodynamics and it is changed with the feed flow rate of the corresponding feed temperature. The membrane resistance relies on the membrane parameters like thickness, pore size, porosity and tortuosity, etc [1] .
In the porous membrane, heat is transferred together with the mass flux across the membrane pores and by conduction through the membrane material and the vapour that trapped inside the pores. The heat transfer through the membrane (Q m ) is given usually omitted as a result [22] [23] [24] 
The heat transfer across the boundary layer in the feed often limits the permeate flux because a larger quantity of heat must be supplied to the membrane interface to vaporise the liquid. The convection heat transfer (Q f ) in the feed boundary layer can be given [25, 26] , , ( )
where , b f T is the bulk temperature on the feed side.
The heat transfer coefficient can be obtained from the corresponding Nusselt
where d h is the hydraulic diameter of the feed flow channel and k f is the feed thermal conductivity.
d h is calculated from the Reynolds number (Re) and and k f is calculated from Prandtl number (Pr) defined as respectively
where v is the velocity, ρ is the density, µ is the viscosity and p c is the heat 
where f κ is the individual mass transfer coefficient of the feed, m κ is the individual mass transfer coefficient of the membrane and p κ is the individual mass transfer coefficient of the permeate. The vacuum applied on the permeate side of the membrane can increase the diffusion coefficient and the mass transfer resistance on the permeate side can be neglected compared to the other mass transfer resistances [27] .
In the MD process, the volatile component passes through the gas-phase membrane pores. On the basis of the Darcy's law, the flux (J) is proportional to the vapour pressure difference ( P ∆ ) across the membrane [28] , , ( )
where C is the membrane permeability, , I f P is the vapour pressure at the membrane surface on the feed side and ,
I p
P is the vapour pressure at the membrane surface on the permeate side.
For the single component transport process, the water partial pressure has been similar to the Raoult's law by supposing that the solutions are ideal diluted solutions [29] o w w w
where w x is the water fraction and o w P is the saturated water vapour pressure.
The water saturation pressure can be calculated from the Antoine equation [30] 3816.44 exp 23.1964 46.13
Mass transfer across the porous membrane is formed by three basic mechanisms:
Knudsen diffusion, viscous flow and molecular diffusion. Any coalescent of the mechanisms is possible in the MD processes. Knudsen number ( n Κ ) is a pointer to decide the operative mechanism under given experimental process conditions in a given pore diameter. The Knudsen number is defined as
where λ is the mean free path of the molecule and d p is the pore diameter of the membrane.
While 10 n Κ > , the Knudsen diffusion will be the prevailing mechanism of the mass transfer. The membrane permeability can be defined as [31] [32] [33] 
where M i is the molecular weight of the transporting component i, R is the gas constant and T is the temperature; ε is the porosity, r is the pore radius, δ is the thickness and τ is the pore tortuosity of the membrane. Table 2 shows the mean free path of water vapour molecules at a permeate pressure of 1000Pa in case of the water vapour pressure at the V-L interface equals the saturated vapour pressure.
( Table 2) The mass transfer across the boundary layer on the feed side would restrict the permeate flux when using the relatively high permeable membranes in the VMD process. The mass balance in the feed is described by the film theory [35] [36] [37] , , , , to propose an analogy between heat and mass transfer processes [38] Pr c c (20) for different hollow fibre modules of VMD.
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Simulation
In order to simplify the mathematical models it is necessary to make the following assumptions concerning the nature of the process:
(a) The resistances of heat transfer in the feed and permeate, as well as the thermal conductivity of the membrane, were neglected.
(b) The resistances of mass transfer in the feed and permeate were considered to be negligible.
(c) The Knudsen diffusion dominated the process of mass transfer. The simulated flow chart of VMD process was presented in Fig. 1 . The HEATX is a built-in heat-exchanging unit in Aspen plus, while the MEMBRANE is a User2 unit with an Excel spreadsheet.
( Figure 1 )
The structural parameters of the VMD membrane used for simulation were summarized in Table 4 .
( Table 4) The VMD process requires the energy for feed solution pumping/circulating, heating and operating the vacuum pumps. The energy utilised for heating the feed solution occupies the largest fraction, which is greater than 90% of the total energy consumption of the VMD system [39, 40] . In order to simplify the process the pumps and the condenser were omitted in Figure 1 .
Aspen Plus offers several interfaces for including custom or proprietary models in Aspen Plus simulations. Among these is the option to use a User2 unit operation block in an Aspen Plus simulation with an Excel spreadsheet to perform the calculations.
First use Aspen Plus to build a process flowsheet, specify feed and product streams, and enter real and integer parameters corresponding to the membrane. Then use Excel to create a spreadsheet to calculate product stream properties. Aspen Plus will write data to and read data from the Excel spreadsheet. Table 5 and 6 are Aspen steams and blocks inputs, respectively.
( Table 5) ( Table 6) 4. Results and discussion
Model verification for VMD
For verifying the models, the simulation results were compared to the experimental results. Figure 2 shows the schematic diagram of the experimental system [41] . Fig. 4~5 . There is an interesting phenomena that the permeate flux rises very slightly at lower vacuum pressure, but when vacuum pressure is higher than a certain value, the flux tends to rise sharply.
Kuang et al [42] attributed the phenomena to the vaporization behavior change of the hot-side solution from surface evaporation to intense boiling, but Wang et al [41] rejected this explanation. As can be seen from the simulation lines, the red points of lower flux values before sharply rising remain zero flux in the simplified model simulation. This is because in these red points cases, the vapour partial pressure at the membrane surface on the feed side is less than the pressure on the permeate side, i.e. The consideration of start-up/shut-down operations is about process dynamic simulation involving the operation parameters variation with time during the process running from start-up to shut-down.
Process performance
In Fig. 6 , the relationship among temperatures of feed, x-out, retentate and permeate is presented. From this it can be seen that with the rise of the feed temperature, the x-out temperature decreases to transfer more heat energy to the feed. Our analysis also revealed that the permeate rate with varying vacuum pressure at different feed temperatures (Figure 8 ) has the same certain law with Fig. 7 as the permeate rate and the permeate flux only has a difference of membrane area times.
Both of them are associated with the specific energy consumption. Most of the VMD systems are provided with high thermal energy consumption and very low recovery ratio of water production. By recycling the concentrated brine as feed, or using free heating resources such as waste heat or solar/geothermal energy can remarkably reduce the total energy requirement.
Conclusions
Vacuum membrane distillation is a promising technology for the sake of aqueous Table 4 . Characteristics of the hollow fiber membrane Table 5 . Aspen streams input Table 6 . Aspen blocks input 
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